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It has been dearly estabfished that splenectomy converts tolerated parasitism 
to a  fulminant disease in animals infected with certain bacteria and protozoa 
(1). There is no evidence in the literature to suggest that splenectomy in ani- 
mals increases susceptibility to infection with Diplococcus  pneumoniae.  How- 
ever, there is an increased incidence of infection due to D. pneumoniae in chil- 
dren who have had splenectomy (2-4). 
The present communication describes evidence for  increased susceptibility 
of mice with splenectomy to infection with D. pneumoniae.  Multiple host fac- 
tors responsible for defense against bacterial infection were investigated in an 
attempt  to  explain the  increased susceptibility of  mice with  splenectomy. 
Materials and Methods 
M/ce.--4-wk-old male pathogen-free Rockefeller University  mice (NCS strain)  weighing 
14 to 20 g were used in all experiments except those listed in Results under Significance of 
mouse strain. In this section, male Swiss Albino mice (nonpathogen-free) from Manor Farms 
(Staatsburg, New York) and nonpathogen-free NZB/BI mice (5) were studied. Splenectomy 
or nephrectomy was performed under ether anesthesia by making a small incision over the 
spleen or right kidney, removing the organ, and closing the skin with 000 silk sutures. The 
animals appeared to have completely recovered from the procedure after 2 to 3 hr. Hematocrit 
values determined in NCS mice on blood from the retroorbital venous plexus 24 hr after the 
surgical procedures revealed mean values of 43% in mice with either splenectomy or nephrec- 
tomy as compared with 49% for normal NCS mice. 
Baaeria.--D. paeumoniae Type 6 was employed in all experiments except experiments in 
Results under Significance of the strain of D. pneumon~  used in the inoculum. In these 
experiments, D. pn,~moniae Type 18 was used. Stock cultures were maintained by storing 
aliquots of a 22 hr culture in beef-heart infusion broth with 10% rabbit blood at -- 70°C. 
Method of Infecting M/ce.--Inocula of D. pneumoniae were prepared by subculturing an 
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aliquot of stock culture in beef-heart infusion broth with 10% rabbit blood. Mter incubation 
at 37°C for 18 to 22 hr, bacteria were diluted in saline solution and 0.2 ml was inoculated in- 
venously in the tail vein or intraperltoneaily. In all  experiments in which death rates were 
calculated, mice were observed for a minimum of 18 days. In most experiments, heart blood 
from dead mice in each group was subcultured to sheep blood agar plates within 24 hr after 
death. In each instance large numbers of D. pneumoniae were isolated and in no instance were 
other bacteria isolated. Blood smears from selected mice with splenectomy that died following 
infection  with D. pneumonia* were stained with Giemsa stain and were negative for Bartonella. 
Bacterial Enumeration.--Numbers  of viable bacteria in broth, blood and mouse or organ 
homogenates were determined by making serial 10-fold  dilutions in beef-heart infusion broth 
and plating 0.2 ml of each dilution on the surfaces of sheep blood agar plates. The total number 
of viable bacteria per ml or per gram of organ was calculated from colony counts after incuba- 
tion of the plates for 48 hr at 37°C. 
Total Body Deterrnlnations of D. pneumoniae.--Each  mouse was anesthetized with ether, 
the chest opened with sterile instruments, and the mouse exsanguinated by aspiration of blood 
from the exposed heart. The blood was saved for determination of numbers of D. pneumoniae. 
Axillary veins were severed and the body was perfused by injecting 50 ml of phosphate- 
buffered saline solution into the right ventricle. The liver, spleen, both lungs, and both kidneys 
were removed with separate sterile instruments, weighed and each homogenized in 2 ml of 
beef-heart infusion broth  in  teflon  tissue  grinders  (Scientific  Glass  Apparatus  Co.,  Inc., 
Bloomfield,  New Jersey). 
For enumeration of bacteria, 0.5 to 0.8 ml of blood and 1 to 3 ml of each homogenate was 
plated directly on the surfaces of sheep blood agar plates (0.2 ml. per plate). ~0  ml of blood 
and 0.5 ml of each homogenate were used for serial 10-fold dilution. 
The heart and intestine were removed, and the carcass was skinned. After removing the 
legs, tail, and nose, the carcass was weighed and homogenized in 20 ml of beef-heart infusion 
broth in a  Waring Blendor. 4 ml of the homogenate was plated on the surfaces of sheep blood 
agar plates and 0.5 mi used for serial dilution. 
Leukocyte Counts.--Leukocyte  counts  were performed in  a  bright  line  hemocytometer 
using blood from the retroorbital venous plexus diluted 1:20 in 1% acetic acid. One drop of 
blood was smeared on a clean slide  and stained with Wright's stain for  differential counts. 
The Fate of D. lmeumoniae in Mouse Blood in Vitro.--~ ml of heparinized blood aspirated 
from the heart of each mouse studied was placed in a  13  X  100 mm siliconized  glass tube 
immersed in a water bath at 37°C. Control tubes contained 0.5 ml of pooled mouse plasma or 
0.5  ml of a  50%  suspension in Earle's solution of pooled washed erythrocytes from NCS 
mice. Cells of D. pneumoniae from an 18 hr broth culture were washed and diluted in Earle's 
solution. ~o ml of a diluted bacterial suspension was added to each tube of blood or plasma. 
The tubes were fitted with rubber stoppers and rotated end over end (Spinerette model TC-1, 
New Brunswick Scientific  Co., New Brunswick, New Jersey) at 8  ~  in an incubator at 
37°C. Immediately after addition of the bacterial suspension as well as 1 and 3 hr later a 0.1 
ml aliquot was removed from each tube for bacterial enumeration. With inocula of less than 
50 viable units of D. pneumoni,  ae per tube, the specimens were studied in sets of 3, and the 
entire contents of a tube from each set were plated on the surfaces of sheep blood agar plates 
at each of the 3 time intervals. 
These experiments were repeated with the following change: antipneumococcic serum from 
rabbits containing 2000 units per ml of mouse protective antibody aga~st D. pneumoniae 
Type 6  (Lederle Laboratories, Pearl River, New York) was diluted 1:10 in Earle's solution 
and 0.1 ml of the dilution was added to each tube before addition of D. pneumoniae. 
In another modification of the experiment, cells of D. pneumoniae from 5 ml of an 18 in" 
broth culture were washed in Earle's solution and sedimented by eentrifugation at 3000 ~ H.  R.  SHINEFIELD,  C.  R.  STEINBERG~ AND  D.  KAYE  779 
for 30 min. The sediment was incubated for 20 win at 37°C with 0.2 ml of a  1:10 dilution of 
antipneumococcic serum in Earle's solution; the 0.2 ml contained 40 units of mouse protective 
antibody against D. pneumoniae Type 6. The suspension was washed and diluted in Earle's 
solution and 0.1 ml of different dilutions were added to each tube of blood or plasma. 
Carbon Clearance Technique.--Carbon C  11/14311  (Gunther Wagner, Hanover, Germany) 
was prepared by the method of Biozzi et ai.  (6).  Each mouse was inoculated intravenously 
with 16 rag of carbon (suspended in 1% gelatin) per 100 g of body weight. Mter administra- 
tion of the carbon suspension, samples of blood 0.025 ml in volume were removed from the 
retroorbital venous plexus at 3- to 10-win intervals over a period of 30 win. The concentration 
of carbon was determined by diluting the blood sample in 0.1% sodium carbonate solution 
and determining the optical density at a wave length of 675 mu on a Beckman quartz spec- 
trophotometer. The reading was corrected by using as a blank a specimen of blood obtained 
before injection of carbon. The concentration of carbon was expressed as logarithm mg of 
carbon/100 ml blood. The phagocytic index K was calculated from the equation: 
log C1  -- log C2 
K= 
T2  -- T1 
where C1 and C2 are concentrations of carbon at times T1 and T2. 
TABLE I 
Mortality After Intravenous Injection of D. pneumoniae Type 6 in NCS Normal Mice 
and NCS Mice with Spleneetomy or Nephrectomy* 
No. of bacteria injected 
1-9 
10-49 
50-99 
100-999 
Splenectomy 
No. dead/No. 
inoculated (%) 
53/111 (48) 
60/85 (71) 
30/35 (86) 
39/42(93) 
Nephrectomy 
No. dead/No. 
inoculated (%) 
15/116 (13) 
29/92(32) 
19/42(45) 
37/51 (73) 
Normal 
No. dead/No. 
inoculated (%) 
15/81 (19) 
30/76 (39) 
17/28 (61) 
18/23 (78) 
* Mortality calculated 18 days after injection of D. pneumoniae. 
RESULTS 
Demonstration  of Increased  Susceptibility  to  D.  pneumoniae  in  Mice  with 
Splenectomy.-- 
Significance of the number of viable units of D. pneumoniae inoculated and route 
of infection:  Splenectomy significantly increased  susceptibility  of NCS  mice 
to infection with D. pneumoniae  Type 6. In contrast, nephrectomy which was 
used as a  control for the operative procedure, did not alter susceptibility to 
infection with this organism. 
4-wk-old NCS unoperated normal mice and NCS mice  4 days postsplenec- 
tomy or postnephrectomy were inoculated intravenously with 1 to 999 viable 
units of D. pneumoniae  Type 6. Table I  summarizes the data obtained in  12 780  DIPLOCOCCUS  PNEI/~ONIAE 
different experiments using a  total of 782  animals. For each inoculum tested, 
mortality was greater in mice with splenectomy than in mice with nephrectomy 
or unoperated normal animals. The difference was most striking when 1 to 99 
bacteria were injected  (P <  0.01  for 1 to 9 or 10 to 49 D. pneumoniae;  ,P < 
0.05 for 50 to 99 D. pneumoniae).  When larger numbers of organisms were used 
the mortality increased in all groups but death occurred earlier in mice with 
splenectomy than in the control groups. 
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FIG. 1.  Cumulative mortality after intravenous inoculation of 7 D. pneumoniae Type 6 
in 4-wk-old NCS normal mice and 4-wk-old NCS mice 4 days postsplenectomy or postne- 
phrectomy. There were 49 to 52 mice in each group. 
A single experiment with 150 mice is shown in Fig. 1. Following the intrave- 
nous inoculation of 7 viable units of D. pneumoniae  Type 6, mice with splenec- 
tomy died at a more rapid rate than the mice in the other groups and the final 
mortality at 18 days was 60 % for mice with splenectomy as compared with 20 
or  16% for normal mice or mice with nephrectomy (P <  0.01). 
Mortality was greater following intraperitoneal inoculation of D. pneumoniae 
Type 6. 4-wk-old pathogen-free normal NCS mice and mice 4 days postsplenec- 
tomy or postnephrectomy were inoculated intraperitoneally with 7 viable units 
of D. pneumoniae  Type 6. As shown in Table II, this inoculum was lethal for 
most of the animals in all 3 groups. However, deaths occurred earlier in mice 
with splenectomy than in the other groups (P <  0.05 on days 2 and 3). More 
than 50 % of the mice with splenectomy died between 24 and 48 hr after initia- 
tion of infection while 50%  mortality was delayed until  72  to  120  hr in  the 
other groups. 
Significance of age of mice and of time interval between spIenectomy and inocu- 
lation of bacteria: Increased susceptibility to infection with D. pneumoniae  was H.  R.  SHINE~'IELD~  C.  R.  STEIlq'BERG~  AND  D.  KAYE  781 
not confined to young (4-wk-old) mice with splenectomy and the deleterious 
effects of splenectomy did not disappear with time. 
From a  pool of 114  pathogen-free NCS  mice, splenectomy was performed 
on 23 and nephrectomy on 22 at 4 wk of age. Thesemice and the 69 unoperated 
mice were observed until S months of age. At this time 23 of the unoperated 69 
mice underwent splenectomy and 22 of the 69 mice underwent  nephrectomy. 
The remaining  24  unoperated animals  were  considered  normal  S-month-old 
mice. 4  days after splenectomy or nephrectomy of  the S-month-old mice, all 
S  groups  were injected intravenously with  7  viable units  of D.  pneumoniae 
Type 6. As demonstrated in Fig. 2, mortality was greater in both groups with 
TABLE II 
Mortality After Intraperitoneal Inoculation of 7 Viable Units of D. pneumoniae Type 6 
in NCS Normal Mice and NCS Mice with Splenectomy or Nepkrectomy 
Mice dead 
Day 
Splenectomy*  Nephrectomy$  Normal§ 
7 
19 
19 
20 
20 
24 
6 
6 
10 
14 
21 
23 
4 
10 
10 
11 
19 
20 
* 28 mice inoculated. 
27 mice inoculated. 
§ 28 mice inoculated. 
splenectomy than in mice with nephrectomy or unoperated normal animals. 
This experiment was repeated twice with similar results. 
Significance of mouse strain: Increased susceptibility to D. pneumoniae Type 
6 could not be demonstrated in all strains of mice after splenectomy. Splenec- 
tomy or nephrectomy was performed on groups of 25 Manor Farm mice (non- 
pathogen-free) at 4 wk of age. 4 days later these mice and 25 unoperated nor- 
mal Manor Farm mice were injected intravenously with 7 viable units of D. 
pneumoniae Type 6. As shown in Table IH, all 25 normal mice died over a 
period of 10 days. There was no significant difference in rate of death or final 
mortality in the three groups. 
NZB/B1 mice which begin to develop hemolytic anemia after 13 wk of age 
(5,  7)  were also studied.  On the same day splenectomy or nephrectomy was 
performed on groups of Coombs-negative NZB/B1 mice 5 to 7 wk old or 5 to 7 
months old and on groups of Coombs-positive NZB/B1 mice 5 to 7 months old. 
4 days after operation these mice and groups of unoperated Coombs-negative 782  DIPLOCOCCUS  PN-EU~ONIAE 
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FIG. 2.  Cumulative mortality after intravenous inoculation of 7 D. pneumoniae Type 6 
in 5-month-old  NCS normal mice and 5-month-old NCS mice 4 days or 4 months postsple- 
nectomy or postnephrectomy. There were 22 to 24 mice in each group. 
TABLE HI 
Mortality After Intravenous Inoculation of D. pneumonCae Type 6 in Nonpattwgen Free Manor 
Farms and NZB/BI Normal Mice and Mice ugtk Splenectomy or Nephrectomy* 
No. 
Species  bacte 
inject 
Manor  Farms  Swiss mice  (4  wk 
old) 
NZB/Bl  mice  Coombs  negative 
(5 to 7 wk old) 
NZB/B1 mice Coombs positive (5 
to 7 months old) 
NZB/B1  mice Coombs negative (5 
to 7 months old) 
ff 
7 
50 
50 
50 
Splenectomy  Nephrectomy  Normal 
No.dead/No.  No. dead/No.  No. dead/No. 
inoculated (%)  inoculated (%)  inoculated (%) 
22/25  (88) 
32/40 (80) 
7/13  (54) 
6/19 (32) 
24/25 (96) 
24/40 (60) 
8/18 (44) 
4/20 (20) 
25/25 (100)~ 
10/26  (38) 
5/23 (22) 
2/22  (9) 
* Mortality calculated 18 days after injection of D. pneumoniae. 
:~ All dead 10 days after injection of D. pneumoniae. 
NZB/B1 mice  (5  to 7  wk old or 5  to 7 months old)  and unoperated Coombs- 
positive mice (5 to 7 months old) were challenged intravenously with 50 viable 
units of D. pneumoniae Type 6.  (Table III lists the details of numbers of mice 
in each group.) As shown in Table III, there was a higher mortality in NZB/B1 
mice with splenectomy than in NZB/B1 normal mice or mice with nephrectomy 
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not significant. It is of interest that 5- to 7-wk-old NZB/B1 mice were more 
susceptible to infection with D. pneumoniae than the 5- to 7-month-old NZB/B1 
mice and that 5- to 7-month-old Goombs-positive mice had higher mortalities 
than  the 5-  to  7-month-old Coombs-negative animals. 
Signi~ance of the strain of D. pneumoniae used in the inoculum: No increase 
in susceptibility to infection was demonstrated in mice with splenectomy fol- 
lowing intravenous injection of D. pneumoniae type 18, a strain that required 
large numbers of organisms to kill unoperated controls. 
Groups of 9 pathogen-free (4-wk-old) NCS normal mice or mice 4 days post- 
splenectomy or postnephrectomy were inoculated intravenously with decimal 
dilutions of D. pneumoniae Type 18. As shown in Table IV mortality did not 
TABLE  IV 
Mortality After Intravenous Inoculation of D. pneumoniae Type 18 in NCS Normal Mice and 
NCS Mice with Splenectomy or Nephrectomy* 
No. of bacteria injected 
1.5  X  106 
1.5  X  105 
1.5 X 104 
1.5X 103 
Splenectoray~t 
No. dead/No. 
inoculated (%) 
6/9 (67) 
7/9 (78) 
4/9 (44) 
2/9 (22) 
Nephrectomy~; 
No. dead/No. 
inoculated  (%) 
7/9 (78) 
6/9 (67) 
5/9 (56) 
0/9 (0) 
Normal$ 
No. dead/No. 
inoculated (%) 
7/9 (78) 
4/9 (44) 
3/9 (33) 
1/9 (11) 
* Mortality calculated 18 days after injection of D. pneumoniae. 
LDs0 for  each  group was  1.5  X  llY  t  to  1.5  X  10  5 (calculated by Reed and Muench 
method). 
differ in the 3 groups and the LD~0 was between 1.5  X  10  4 and 1.5 X  10  ~ viable 
units for each group of animals. 
Multiplication  of D. pneumoniae in Tissues of Normal Mice and Mice After 
Splenectomy or Nephrectomy.--NCS  normal mice and mice that were 4  days 
postsplenectomy or postnephrectomy were  injected  intravenously  with  1  to 
132 viable units of D. pneumoniae Type 6. Mice from each group were periodi- 
cally sacrificed after infection and the number of bacteria determined per ml 
of blood and per  gram of liver, spleen,  kidney, lung,  and carcass.  Repeated 
experiments of this type were performed and the results are summarized in the 
following paragraphs. 
5  min  or  1 hr after inoculation of D. pneumoniae there was no significant 
difference between the  3  groups in numbers  of bacteria in  blood or  organs. 
However, by 6 to 12 hr after infection significantly more D. pneumoniae were 
found in blood and organs of the postsplenectomy mice than in the  blood and 
corresponding organs  of the normal  or postnephrectomy mice.  Subsequently 784  DIPLOCOCCUS PNEUMONIAE 
the number of D. pneumo,niae in the blood and tissues of mice with splenectomy 
continued to increase at a more rapid rate and in a  higher proportion of mice 
than in normal mice or mice with nephrectomy. As mice with nephrectomy did 
not differ from normal mice, only data from normal and postsplenectomy mice 
will be presented. 
Fig. 3 demonstrates the number of D. pneumordae per ml of blood in normal 
mice and in mice with splenectomy following intravenous inoculation of 50 to 
60 D. pneumoniae. It is clear that pneumococci were gradually removed from 
the bloodstream of many of the normal mice whereas the number of D. pneu- 
moniae in the blood of most of the postsplenectomy mice increased. 
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Fro. 3.  Number of bacteria per ml of blood of NCS mice after intravenous inoculation of 
50 to 60 D. pneumoniae Type 6 in normal mice and in mice 4 days after splenectomy. 
Tables V and VI demonstrate numbers of D. pneumonic~ in blood and tissues 
of normal mice and in mice infected 4  days after splenectomy.  Fifty viable 
units of D. pneumoniae were injected intravenously in the experiment in Table 
V  and  1 to 28 viable units were injected in the experiment in Table VI. The 
data in Fig. 3, Tables V  and VI, and other experiments suggest that following 
intravenous  injection  of  small  numbers  of  D.  pneumoniae,  sterilization  of 
blood occurs  only in mice that will eventually survive. In contrast,  in those 
mice that  will die,  bacteremia persists from the  time of inoculation.  In fact, 
Fig. 3, Table V, and results of other experiments demonstrate that the number 
of bacteria per ml of blood was about the same 60 min after injection of D. 
pneurnoniae as it was 5 rain after injection. As 1 hr is within the lag phase in the 
growth curve of an 18 hr culture of D. pr~umoniae,  this indicates persistance 
of the injected organisms in blood• 
From 5  rain  after intravenous inoculation  of D. pneumoniae  until  time of H.  R.  SHINEFIELD, C.  R.  STEINBERG, AND  D.  Y.AYE  785 
death, the highest concentration of bacteria was usually found in blood or spleen 
in normal mice and in blood in postsplenectomy mice. In normal mice the num- 
ber of bacteria per gram of spleen was generally greater than the number per 
TABLE V 
Multiplication of D. pneumoniae in Tissues of NCS Normal Mice and in NCS Mice After 
Splenectomy* 
Time after 
Mouse Group Bacterial 
No.  Challenge  Blood 
Per ml 
Log No. of D. ~umo,i~e 
Spleen  Liver  Kidneys 
Total  Per g  Total  Per g  Total  Per g 
5 rain  18  0  7  6 
5 rain  9  7  98  2  2 
5 rain  8  3  42  11  9 
m 
m 
5 rain  18  --  7  6 
5 rain  9  --  27  23 
5 rain  28  --  2  2 
m 
m 
1 hr  13  0  0  0 
1 hr  10  2  28  0  1 
1 hr  7  1  14  6  5  0 
1 hr  10  --  4  3  0 
1 hr  26  --  2  2  0 
1 hr  26  --  11  9  0 
12 hr  <102  <109  <10  s  <102 
12 hr  < 102  < 102  < 102  < 102 
12 hr  <102  <10  ~  <102  <102 
12 hr  2.0 X  104 
12 hr  <102 
12 hr  1.0  X  105 
m 
3.4X  1042.8  X  10~3.0  X  1021.8  X  10  ~ 
<  102  < 104 
3.3 X  1042.8  X  1044.3  X  1042.6  X  104 
N, normal mice; and S, mice with splenectomy. 
* Challenge was 50 viable units of D. pneumoniae intravenously. 
ml of blood, but  the concentration in blood was usually higher than  in  liver, 
lung, kidney, or the remainder of the carcass. 
Observations  on the Mechanism of Altered Susceptibility Induced by Splenec- 
tomy.-- 
Effect of splenectomy  on clearance of li,qng and inert particles from the circula- 
tion:  The  spleen  is  a  major  component  of  the  reticuloendothelial  system. 
Therefore it is possible that removal of the spleen may increase susceptibility 786  DIPLOCOCCUS  PNEUMONIAE 
to infection merely by the  removal of a  significant portion of the functional 
phagocytic system of the mouse. To investigate this possibility the clearance 
of carbon particles and of viable D. pneumoniae from the circulation was studied 
in groups of NCS  normal mice and mice that had undergone splenectomy or 
nephrectomy. 
TABLE VI 
Multiplica#ion of D. tmeumoniae in Tissues of NCS Normal Mice and in NCS Mice 
After Splenectomy* 
Time 
Mouse  after 
No.  Group  bacterial 
challenge  Blood  Spleen  Liver  Lungs 
kr 
19  N  6  4  60  1  <3 
20  N  6  <2  <10  0  <3 
21  N  6  8.2 X  10  z  1.5 X  103  28  7 
22  S  6  <2  --  0  <3 
23  S  6  1.3 X 10  ~  --  54  43 
24  S  6  2.8 X  103  --  2.0 X  l0  S  67 
25  N  16  <50  <103  <102  <4.0  X  102 
26  lq"  16  6.0X104  7.1  X 105  2.5  X 104  4.6 X 104 
27  N  16  <50  <103  <102  <4.0 X 102 
28  N  16  <50  <10  a  <102  <4.0  X 102 
29  S  16  3 X 107  --  4.4 X I02  3.3 X 106 
30  S  16  7,5 X 106  --  8.5  X 106  7.3  X 105 
31  S  16  1.1  X  104  --  1.4 X  10  $  1.9 X  106 
32  S  16  2.9 X  108  --  1.7  X  107  1.3 X  107 
33  N  24  1.5  X  106  2.3 X  107  1.1  X  106  7.1  X  105 
34  N  24  4.7  X  107  1.3 X  10  $  1.8 X  107  7.7  X  105 
35  N  24  1.8  X  106  1.5  X  107  ?.0 X  105  6.2 X  104 
36  S  24  1.8  X  106  ~  2.3 X  107  4.6 X  107 
37  S  24  5,4 X  107  --  1.8 X  107  5.o X  102 
38  S  24  1.1  X I08  --  3.8 X 107  1.4  X 107 
Log No. of D. pneumonia* (per ml of blood or per gram of tissue) 
Kidneys  Carcass 
<3  0 
<3  0 
17  C 
<3  0 
<3  0 
1.4 X  102  0 
<1.5  X  10  s 
1.5  X  104 
<1.5  X 102 
<1.5  X  102 
1.9 X  106  7.2 X  105 
8.5  X  105  2.7  X  105 
1.5 X  103  <1.5 X  102 
1.3 X 107  3.9 X 106 
2.3 X  10  6  1.S  X  10 5 
4.6 X  10  e  4.5  X  105 
1.6 X  105  1.2  X  105 
2.7  X  106  1.2  X  107 
4.4  X  106  2.1  X  106 
1.5  X 107  1.3  X 105 
<4.0  X  l0  s 
2.1  X  104 
<4.0  X  102 
<4.0  X  102 
N, normal mice; S, mice with splenectomy; and C, contaminated plates. 
* Challenge was 1 to 28 viable units of D. pneumonias  intravenously. 
The rate of removal of carbon particles from the circulation was measured 
according  to the  technique  of Biozzi et al.  (6)  as described in  Materials  and 
Methods.  The phagocytic index for carbon was determined in mice 3 hr after 
splenectomy or  nephrectomy  and  in  different  groups  of  mice  4  days  after 
splenectomy or nephrectomy.  Groups  of normal mice were  included  as  con- 
trols. As shown in Fig. 4, the rate of removal of carbon from the circulation was 
slightly decreased 3 hr after splenectomy or nephrectomy; the mean phagocytic 
indices  were  0.009  and  0.010  respectively,  as  compared to 0.011  for normal 
mice.  However, 4  days after splenectomy or nephrectomy, the  usual  time of H.  R.  SHINEFIELD~ C.  R.  STEINBERG~ AND D.  KAYE  787 
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FIG. 4.  Concentration  of carbon in blood of NCS mice expressed as logarithm  mg car- 
bon/100  ml blood. Concentrations  of carbon were determined  after intravenous  inoculation 
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challenge  with  D.  pneumoniae,  the  mean  phagocytic indices  were  normal, 
0.011  and 0.012 respectively. 
To study the rate of disappearance of large numbers of viable bacteria from 
the circulation, groups of NCS normal mice and mice 4  days postsplenectomy 
or  postnephrectomy  were  injected  intravenously  with  2.0  X  107  D.  pneu- 
mon/ae Type 6. Blood in aliquots of 0.025 ml was then removed from the retro- 
orbital venous plexus at 3 to 6 different times over a 3 hr period for enumeration 
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FIG. 5. Number of bacteria per ml of blood of NCS mice after intravenous inoculation of 
2 X  107 D. pneumonia* Type 6 in normal mice and in mice 4 days after splenectomy. 
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of bacteria.  During  the  3  hr  period  of observation  there  was no  significant 
difference in the clearance of bacteria from the blood of normal mice and mice 
that were 4 days postsplenectomy or postnephrectomy. 1 hr after injection of 
D. pneumonia*,  the number of microorganisms per ml of blood in some mice 
from each group had decreased to one-tenth the number present  5 rain after 
challenge.  However, in most of the mice a  much smaller  decrease  or no de- 
crease occurred in the number of organisms. 3 hr after injection of the bacteria 
the number per ml of blood in most mice was unchanged from the 1 hr value 
or slightly higher. Fig. 5 demonstrates the results of one experiment following 
intravenous injection of 2 X  107 D.  pneumonia, in 8  normal mice and in  11 
mice 4 days after splenectomy. H.  R.  SHINEEIELD~ C.  R.  ST]~IN-BERG~ AND D.  KAYE  789 
Effect  of splenectomy  and  nephrectomy  on  leukocyte  counts:  Increased  sus- 
ceptibility  to infection following splenectomy is  not  secondary to a  decrease 
in the total number of circulating leukocytes or polymorphonuclear leukocytes. 
Total leukocyte and polymorphonuclear leukocyte counts were determined in 
NCS normal mice and in mice 4  days after splenectomy or nephrectomy. The 
mean total leukocyte count in 12 mice with previous splenectomy was 8585/ 
mm  s as compared to 5573/mm  s in  12 mice with nephrectomy and 5594/mm  a 
in  8  normal  mice.  The  corresponding  mean  polymorphonuclear  leukocyte 
counts~were 1788/mm  s, 1700/ram  s, and 1196/mm  s. 
TABLE V~I 
Leukocyte Counts in NCS Mice Infected with 3000 D. pneumonlae Type 6 
Time 
Before infection* 
1 hr after infection~ 
4 hr after infection~ 
24 hr after infection~ 
48 hr after infecfion~ 
Normal 
Total No.  Polymor- 
of leuko-  phonuclear 
cytes (per  leukocytes 
mm*)  (per ramS) 
5594  1196 
4513  2366 
5000  1685 
4915  1864 
3767§  1339 
Splenectomy 
Total No.  Polymor- 
of leuko-  phonuclear 
cytes (per  leukocytes 
nunS)  (per mm*) 
8585  1788 
5850  3069 
8383  4460 
4065§  1493 
No survivors 
Nephrectomy 
Total No.  Polymor- 
of leuko-  phonuclesr 
cytes (per  leukocytes 
ram*)  (per ramS) 
5573  1700 
4778  2629 
6532  3654 
4437  2230 
3333§  1340 
* Each value is the mean result from 8 to 12 mice. 
Each value is the mean result from 3 to 6 mice. 
§ Mice moribund. 
Inocula of 16, 300 or 3000 D. pneumoniae Type 6 were injected intravenously 
in groups of normal mice and in mice 4 days postsplenectomy or postnephrec- 
tomy. Leukocyte counts were determined periodically in mice from each group. 
Table  VII demonstrates  the  results  of a  representative  experiment  in which 
3000 D. pneum, onlae were injected intravenously. 
In all  experiments,  mice with  splenectomy had higher  total  leukocyte and 
polymorphonuclear leukocyte counts than mice in the other groups. However, 
the  leukocyte count  decreased  terminally  in  all  groups.  Although mice with 
splenectomy died earlier  than normal mice or those with nephrectomy,  there 
appeared  to  be  no  significant difference  between  groups  in  the  decrease  in 
numbers of leukocytes at time of death. 
The fate of D. pneumoniae in mouse blood in vitro: The fate of D. pneumoniae 
Type 6 was studied in heparinized whole blood or plasma obtained from NCS 
normal mice or mice 4  days after splenectomy or nephrectomy as described in 790  DIPLOCOCCUS PNEUMONIAE 
Materials and Methods. Inocula of D. pneumoniae ranging in size from 6 viable 
units to 5 X  l0  s viable units per 0.5 ml of blood or plasma were studied and 
there was no significant killing of microorganisms in any experiment. As little 
as 6 viable units of D. pneumoniae,  preincubated in type-specific antipneumo- 
coccic serum, were not killed by normal mouse blood. In essentially all experi- 
ments,  the same number of microorganisms were demonstrated after 1 hr of 
incubation as were present immediately after addition of the inoculum. How- 
ever, by 4 hr of incubation a  10-fold increase in the titer of bacteria had oc- 
curred in most  blood and plasma  specimens. 
In these experiments no difference could be demonstrated in the activity of 
blood or plasma from NCS normal mice or mice with splenectomy or nephrec- 
tomy. 
Investigation  of possible splenic  humoral factors  which  may  contribute to re- 
sistance  to infection  with D. pneumoniae:  Experiments were undertaken in an 
attempt to demonstrate splenic humoral factors which may contribute to host 
resistance against infection with D. pneumoniae.  These attempts were unsuc- 
cessful. In these experiments whole spleens were implanted intraperitoneally 
in NCS mice with splenectomy; or equivalents of whole spleens (each homoge- 
nized in 0.5 ml  trypticase soy broth in a Teflon tissue grinder)  were injected 
intraperitoneally. Mice treated by these procedures did not differ in suscepti- 
bility  to infection with  intravenous D.  pneumoniae  Type 6  from mice with 
splenectomy  that  received an  intraperitoneal  injection  of 0.5  ml  trypticase 
soy broth. Similarly, 0.5 ml of pooled serum from normal mice injected intra- 
peritoneally within 4 hr prior to infection did not restore resistance of animals 
with splenectomy. 
Some evidence for a  circulating protective substance might  be inferred if 
mice challenged with D.  pneumoniae  immediately after splenectomy demon- 
strated  less  susceptibility  to  infection  with  D.  pneumoniae  than  mice  chal- 
lenged 4 days after splenectomy. However, NCS mice inoculated intravenously 
with D. pneumoniae  Type 6, 4  hr after splenectomy died at the same rate as 
mice inoculated 4 days after splenectomy. 
DISCUSSION 
In these studies, splenectomy increased the susceptibility of mice to infec- 
tion with D. tmeumoniae.  It is important to note that the demonstration of this 
phenomenon required the use of small numbers of a particular strain of pneu- 
mococcus  (D.  pneumoniae  Type  6),  intravenous  infection  and  a  particular 
strain of mouse (pathogen-free NCS strain). Use of large numbers of organisms, 
a different strain of pneumococcus (D. pneumoniae  Type 18),  a different route 
of inoculation  (intraperitoneal)  or  a  different mouse  strain  (Manor  Farms) 
either  failed  to  demonstrate  increased  susceptibility  to  infection  with  D. 
pneumoniae  or demonstrated a  much less  impressive increase. It.  R.  SttINE~"IELD~  C,  R.  STEIN'B:ERG~  AND  D.  KAY:F-,  791 
It is obvious that the demonstration of increased susceptibility to infection 
following splenectomy may not be evident in all or indeed most experimental 
models and that selection of host and parasite are critical. This may explain 
the results of two studies reported by others (8, 9) who did not find increased 
susceptibility to pneumococcal infection following splenectomy. 
In one study (8) a strain of D. pn~umoniae of high virulence for rats was in- 
jected intraperitoneally. One organism rapidly killed most of the normal rats. 
Therefore, an increase in susceptibility following splenectomy would have been 
impossible to detect. In the second study (9), large numbers of D. pneumoniae 
were injected in 2 different strains of monkeys. No animals died when rhesus 
monkeys were inoculated with more than 10  9 D. pneumoniae and only 3 cyno- 
molgus monkeys were studied postsplenectomy. It is difficult to evaluate this 
study as no rhesus monkeys died and insufficient numbers of cynomolgus mon- 
keys were studied. 
The results of the present studies indicate that following intravenous injec- 
tion of small numbers of D. pneunwniae Type 6 in NCS mice, the number of 
viable bacteria in blood either tends to decrease slowly over a period of 6 to 12 
hr or to remain constant for 1 hr and then gradually increase. When the num- 
ber of bacteria decreases and the blood becomes sterile, it is  likely that  the 
mouse will survive. However, if multiplication occurs death will probably re- 
sult. Pneumococci multiply in a  higher proportion of mice with splenectomy 
and at a more rapid rate than in control animals. Higher titers of bacteria in 
the blood and tissues of mice with splenectomy could be demonstrated as early 
as 6 hr after initiation of infection. 
According to Rogers (10),  the bulk of experimental evidence indicates that 
bacteremia caused by most microorganisms persists or resurges only when there 
is active seeding of blood from a local site of multiplication. However, he also 
hypothesized that in experimental pneumococcal infection, persistence of bac- 
teremia may be related to active intravascular multiplication. In the present 
study, mice with splenectomy usually had more D. pneumoniae per ml of blood 
than per gram of any other tissue. The most likely explanation for this observa- 
tion is that multiplication of microorganisms was occurring primarily in the 
blood. Other possible but unlikely locations for primary multiplication of D. 
pneumoniae are  (a)  the heart or intestines (which were not investigated), (b) 
small abscesses  (in an organ such as lung) surrounded by enough uninfected 
tissue to result in a  localized concentration of bacteria higher than in blood 
but a total organ concentration lower than in blood, or (c) a tissue included in 
the carcass but not specifically investigated. This last possibility seems remote 
because the concentration of bacteria per ml of blood was frequently 10-fold 
higher than the number of bacteria in the entire carcass. 
In  normal mice and mice with nephrectomy the  higher concentration of 
bacteria in spleen than in blood is probably explained by clearance of D. pneu- 792  DLPLOCOCCU$  PiWE  IrhIO  NIAE 
moniae from blood by phagocytic cells of the spleen. Another possible explana- 
tion for higher titers of bacteria in spleen than in blood could be multiplication 
of D. pneumoniae in the spleen as the primary site of multiplication. However, 
if the spleen were the primary site of multiplication in normal mice (and there- 
fore an organ of decreased resistance to pneumococci), it would be difficult to 
explain the increase in susceptibility resulting from removal of the spleen. 
In the present study clearance of even low numbers of D. pneumoniae from 
blood was extremely poor. However, the concentration of pneumococci in the 
spleen was consistently higher than in the liver. Therefore, the spleen seemed 
to be more effective than the liver on a  weight basis in clearing pneumococci 
from the bloodstream. 
4 days after removal of the spleen, function of the cells of the reticuloendo- 
thelial system was normal as measured by rate of removal of carbon particles 
from the  circulation. However,  these measurements are gross parameters  of 
function of the reticuloendothelial system and would not demonstrate small 
but possibly critical alterations in function. Increased susceptibility of post- 
splenectomy mice to pneumococcal infection could be best demonstrated with 
small inocula injected by the intravenous route  (which substantially reduces 
virulence as compared with the intraperitoneal route of infection). This sug- 
gests that the defense mechanism provided by the spleen against pneumococcal 
infection is easily overwhelmed. The critical time in determining the outcome 
of infection seems to be within the first 6 hr after initiation of infection and dur- 
ing this period higher concentrations of pneumococci were present in the spleens 
of normal mice than in blood. These observations suggest that the spleen pro- 
tects normal mice by removing and killing small but critical numbers of D. 
pneumoniae which are circulating in the blood. 
As described in Results, there is no reason to suspect that the altered sus- 
ceptibility is mediated by an effect of splenectomy on numbers of circulating 
leukocytes or on the antibacterial activity of mouse blood. In the in vitro model 
studied, all specimens of mouse blood were ineffective in killing D. pneumoniae 
Type 6, and no differences could be demonstrated in activity of blood from nor- 
mal mice or from mice with splenectomy or nephrectomy. These observations 
agree with the results of in vivo experiments in normal mice (Table V) where 
7 to 13 viable D. pneumoniae per ml of blood (approximately 14 to 26 per total 
blood volume) were still circulating 1 hr after intravenous injection of 50 D. 
#neumo~/ae 
It is possible that the spleen contributes a humoral factor which enables other 
tissues to limit multiplication of D. tmeumoniae. However, the most reasonable 
explanation of the altered susceptibility observed in these experiments is that 
splenectomy removes the portion of the reticuloendothelial system which is 
most capable  of destroying small but critical numbers of D. pneumoniae cir- 
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SUMMARY 
An experimental model is described which demonstrated increased suscepti- 
bility of mice to infection  with  D. p~umon~ze following splcncctomy.  It was 
necessary to use small numbers  of a particular strain of pneumococcus  (D. 
i~eumoniae  type 6), intravenous infection and a particular strain of mouse 
(pathogen-free NCS  strain). The  increase in susceptibility persisted for at 
least  4 months alter  splcnectomy. 
With modifications in experimental design such as use of large numbers of 
organisms, a different  strain  of pncumococcus, the intraperitoneal  route of in- 
fection or a different  mouse strain  no increase or a much less  impressive in- 
crease in susccptibility  was demonstrated. 
Following intravenous injection  of small numbers of D. In~umoni~ Type 6 
bacteremia tended to persist  in all NCS  mice. Multiplication of pneumococci 
subsequently occurred in a higher proportion of mice with splenectomy and at 
a more rapid rate than in control  animals. Mice with splenectomy usually had 
more D. pneumoniae  per mi of blood than per gram of any tissue.  This sug- 
gested that in these mice multiplication of microorganisms  occurs primarily 
in blood. In control mice highcr concentrations of bacteria wcrc present in 
spleen than in blood, and higher concentrations were found in blood than in 
other tissues.  These results suggested that in normal mice infected intrave- 
nously with small numbers of D. ~u~wni~ze Type 6, the spleen  protects by 
removing and killing  small but critical  numbers of D. pneumoni~ which are 
circulating  in the blood. 
No evidence was found to suggest that the altered  susceptibility  is  mediated 
by an effect  of splenectomy on numbers of circulating  leukocytcs or on the 
antibacterial  activity  of mouse blood. 
All  NCS mice were kindly  supplied  by Dr. R. Dubos and Dr. R. Schaedler  of  Rockefeller 
University. 
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